Introduction
Human embryonic stem cells (hESCs) have the potential to differentiate into many cell types, making them ideal candidates for therapeutic applications. The earliest methods of hESC culture were labor intensive, time consuming, and did not lend themselves to scale-up. The evolution of hESC culture techniques has seen a move from manual passage of hESC colony clumps to enzymatic digestion and routine plating of clumps or single cells (1) (2) (3) (4) . In order to produce the number of cells required for downstream differentiation experiments and subsequent therapeutic applications (on the order of 10 9 cells), culture methods are being developed that permit rapid cell expansion in an almost completely automated process (5, 6) . These automated cell culture systems generally use split ratios rather than absolute cell number in sub-culturing protocols. However, the cell density of seeding, as well as the clump size, is critically important for maintaining both undifferentiated growth and controlled differentiation of hESCs, with both sparselyand too-densely-seeded hESCs having a propensity for slow growth or increased differentiation (7) (8) (9) . Subculturing of cells as clumps then generates the issue of how to accurately determine seeding density based on the overall cell number. Treating a small sample of clumps with a dissociating agent such as trypsin or cell dissociation buffer followed by cell counting on a hemocytometer is feasible for a small number of samples. However, in higher-throughput analysis of hESCs, upwards of 50 individual culture conditions are examined, making manual dissociation and subsequent cell counting both time-consuming and laborintensive. Here, we demonstrate a method of counting total cell numbers in a 96-well plate format based on the DNA binding capacity of propidium iodide (PI) that avoids dissociating cell clumps. PI intercalates almost indiscriminately between DNA strands and once bound to DNA, its fluorescence is increased 20-30-fold. This method is reliable and cheap, allows for a rapid estimation of total cell numbers per well for many samples at once, and removes operator variability in cell counting. This cell-counting method will be useful for large scale automated culture of multiple samples (5, 6, 10) where specific, expensive imaging technology (11) is not easily applicable.
Materials and Methods
Tissue culture All reagents were from Invitrogen (Carlsbad, CA, USA) unless otherwise stated. hESC lines MEL1 and MEL2 (Chemicon, Millipore, Billerica, MA, USA) were cultured on mouse embryonic fibroblasts (MEFs, 14,000/cm 2 ) in DMEM-F12 with L-glut supplemented by 20% knockout serum replacement (KOSR), 1× non-essential amino acids and 90 µM β-mercaptoethanol. Cells were passaged in clumps using 200 U/mL collagenase IV. Differentiation controls were used in all experiments consisting of MEL1 or MEL2 grown in the media described above without feeders or maintenance factors.
Preparation of single cells for standard curve hESCs were harvested as clumps as described above and washed twice with PBS (without Ca 2+ or Mg 2+ ) before addition of TrypLE Express to dissociate cells. Cells were gently aspirated to dissociate. Cell counts were performed using a standard hemocytometer and cells resuspended in PBS at a concentration of 2 × 10 5 cells/150 µL. Cells were transferred to a black-walled 96-well plate (Greiner Bio-One, Monroe, NC, USA) from 0-2 × 10 5 cells/well and final volumes adjusted to 150 µL/well.
Preparation of cell clumps for standard curve hESC colonies were washed twice in warm PBS (without Ca 2+ or Mg 2+ ) before the addition of dispase (1 mg/mL; SigmaAldrich, St. Louis, MO, USA). Cells were incubated for 7 min and colonies broken into clumps using gentle pipetting. Suspensions were gently inverted several times to evenly distribute clumps immediately before dispensing 2 equal volumes from the center of the tube into separate tubes. One sample was treated with TrypLE Express to dissociate clumps into single cells and a cell count performed that represented cell numbers both in the single cell and clump suspensions. Equal clump size was determined using microscopy. Next, both the single cell and clump suspensions were centrifuged at 200× g for 3 min. Both samples were resuspended in PBS at 2 × 10 5 cells/150 µL. Both samples, having been derived from the same original suspension, were assumed to have the same total cell numbers. Cells were transferred (as described in section "Preparation of single cells for standard curve") to black-walled, 96-well plates in cell numbers ranging Enumeration of human embryonic stem cell (hESC) numbers through single cell digestion can be time consuming especially in high-throughput or multifactorial analysis containing 50+ samples. We have developed a reproducible, cost-effective method of counting hESCs in clumps circumventing the need to manually dissociate each sample to single cells. The method is based on the DNA binding capacity of propidium iodide (PI) and subsequent fluorescent signal detection. Standard curves generated for cell numbers versus PI fluorescence as single cells or clumps showed an almost identical relationship in the lines of best fit. The reproducibility of the assay was first demonstrated by seeding hESC clumps at specific cell densities ranging 0.05-2 × 10 5 cells/well and then secondly by using the assay to count cell numbers after different growth conditions. Validation tests showed that consistent seeding densities are important in maintaining undifferentiated hESC culture and that the assay can be used to estimate relative cell numbers and growth curves with high accuracy. 
Determination of cell number using propidium iodide (PI)
A 4× stock solution of 40 µg/mL PI and 0.4% Triton X-100 in PBS was made immediately following transfer of cells to a 96-well plate. A multi-channel pipet (Cat. no. EW-24553-07; Eppendorf South Pacific, North Ryde, NSW, Australia) was used to dispense 50 µL stock solution to each well containing 150 µL cell suspension, giving a final working concentration of 10 µg/mL PI and 0.1% Triton X-100. PI fluorescence based on binding of dsDNA was measured using a SpectraMax M5 fluorometer (Molecular Devices, Sunnyvale, CA, USA) at an excitation of 485 nm, emission of 612 nm, and a cutoff of 610 nm. Cells were incubated at room temperature for 1 h with measurements made from the top of the plate every 5 min. Blanks contained 150 µL PBS and 50 µL 4× stock solution. Data was analyzed and standard curves generated using SoftMax Pro v5.01 (Molecular Devices).
Plating hESC at varying densities MEL1 and MEL2 cells were dissociated into clumps as previously outlined and a cell count performed on triplicate 150-µL aliquots of each cell line using the Spectramax fluorometer. PI fluorescence signals obtained were used to estimate cell number using the standard curve and equation y = 7 × 10 -4 x. Cells were plated in 12-well plates containing glass coverslips coated with Matrigel (34.7 µg/ cm 2; BD, Franklin Lakes, NJ, USA) at densities ranging 0.05-2 × 10 5 cells/well and cultured for 10 days. mTESR medium (Stem Cell Technologies, Melbourne, Australia) was changed daily.
Evaluation of hESC plurpotency markers after different seeding densities MEL1 and MEL2 were analyzed by observation of the pluripotency markers GCTM2 and CD9 using immunofluorescence and flow cytometry. For immunofluorescence, cells were fixed with cold ethanol for 30 min. After each step, cells were washed twice in TRIS-buffered saline with 0.05% Tween-20. Cells were permeabilized with 0.1% Triton X-100 then blocked for 15 min in KOSR. Cells were stained with CD9 antibody (2.5 µg/mL; The Australian Stem Cell Centre, Melbourne, Australia) for 30 min and then anti-mouse IgG Alexafluor 488 (1:2000, 1 µg/mL) in the dark for 30 min, counterstained with 0.1 µg/mL Dapi, and mounted with anti-fade solution. A mouse IgG isotype control was used to determine nonspecific background staining. Cells were visualized using an LSM 510 META on an AxioObserver using Z1 and Zen 2007 Light Edition SP1 software (Carl Zeiss, Jena, Germany). Flow cytometry for CD9 and GCTM2 (2.5 µg/mL) was performed on 10 6 cells/mL as previously described (12) . Detection was www.semrock.com/OFLM To achieve the finest images every optical component has to be tailored for the unique aspects of laser-based microscopes. Semrock offers the most comprehensive line of premium quality laser-specific optical filters.
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Unlock the full potential of your laser fluorescence imaging system with Semrock laser fluorescence filters. Determination of end point cell numbers and growth curves MEL2 cells were seeded in clumps at 0.5 × 10 5 cells/well in a 12-well plate. Dishes were coated with Geltrex (1:30 as per manufacturer's instructions) fibronectin (10 µg/cm 2 ), or vitronectin (2 µg/cm 2 ). Cultures were grown in StemPro media over 9-10 days with daily media changes. Triplicate Geltrex-coated wells were harvested at days 2, 5, 7, and 9 as clumps using collagenase IV (200 U/mL), or as single cells using TrypLE Express. Data was used to generate growth curves and population doubling times using a hemocytometer or the PI assay. Replicate extracellular matrix (ECM)-coated wells were harvested with collagenase IV on day 9 and cells were counted using the PI assay to determine end point numbers. An Incucyte cell imager was used in parallel (Essen Instruments, Ann Arbor, MI, USA), according to manufacturer's instructions.
Results and discussion
To circumvent the time-and labor-intensive manual counting of hESCs prior to plating, we opted to use the DNA content of hESCs as a measure of total cell number. To first establish the relationship between hESC number and PI fluorescence, we seeded increasing amounts of manually counted single hESCs in microtiter plates and PI stained them in a one-step procedure through addition of a 4× stock solution of PI/Triton X-100 in PBS.
As shown in Figure 1A , there was a linear relationship between PI fluorescence and hESC number when using <2 × 10 5 cells per well of a microtiter plate. Since hESCs are often subcultured as clumps of varying sizes containing 20-100 cells, we next determined the relationship between PI fluorescence and hESC cell number in clumps. One half of an equal distribution of hESC clumps was next dissociated into single cells and manually counted while increasing amounts of hESC clumps were seeded into microtiter plates and PI-stained using the protocol described above. As shown in Figure 1B , the relationship between PI fluorescence and hESC cell number was found to be almost identical to that for single cells (linear slope y = 6 × 10 -4 x versus y = 7 × 10 -4 x, where y is fluorescence and x is cell number), suggesting that PI had stained the DNA with equal efficiency in clumps as in singlecell suspensions. Standard deviations for the highest cell counts performed (2 × 10 5 ) on clumps were ± 30.6 fluorescence units equaling ± 44,000 cells/well of a 96-well plate, using the equation in Figure 1B . To avoid further error in back-calculating total cells in original culture conditions, the most accurate means of performing the assay was to maintain <2 × 10 5 cells within aliquots for analysis. This also allows for sufficient surplus cells for analysis or propagation.
To illustrate the efficacy of the rapid hESC enumeration procedure and to exemplify the importance of optimal seeding density for the maintenance of undifferentiated hESC growth, we seeded hESCs in clumps at varying cell densities of 0.05, 0.1, 0.5, 1, and 2 × 10 5 hESCs/well (based on the PI hESC quantification method) and subsequently cultured these for 10 days. Figure 2A demonstrates the density of MEL1 colonies at days 2, 6, and 10 that were plated at varying cell densities based on cell counts using the PI assay. MEL1 cells grew as a monolayer in every condition except the 2 × 10 5 cell seeding density, wherein overcrowding of the cells was evident at day 10. Early morphological analysis (day 2 after seeding) of the lower-density cultures (0.05-0.1 × 10 5 cells/well) showed cells of an elongated or triangular morphology (Figure 2 , B and C, black arrows) whereas cells seeded at higher densities (≥0.5 × 10 5 ) displayed a typical round morphology with a high nucleus-to-cytoplasm ratio that is characteristic of undifferentiated hESCs ( Figure 2D) . Next, the hESCs were analyzed for the expression of the pluripotency marker CD9 by direct immunofluorescence and expression of both CD9 and GCTM2 by flow cytometry. In agreement with the apparent reduction in the fraction of undifferentiated hESCs by morphological criteria (Figure 2, B-D) , the two lowest cell seeding densities (0.05 and 0.1 × 10 5 cells/ well) showed reduced expression of CD9 Figure 2A ). In contrast, however, the CV for the spread of pluripotency markers was decreased for lower-seeded populations (0.05 × 10 5 cells/ well, GCTM2 CV = 54.5 ± 1.9, CD9 CV = 52.1 ± 1.5) compared with higher-density cultures (0.1 × 10 5 cells/well, GCTM2 CV = 67.9 ± 7, CD9 CV = 69.7 ± 8.7) indicating a more uniform cell type in the lower cell densities. We hypothesize that seeding cells at low densities, while leading to increased differentiation ( Figure 2 , A-C), also selects for a subset of cells capable of survival that results in a purer population of undifferentiated cells with a narrower distribution of pluripotency markers ( Figure 3A) . In contrast, cells seeded at higher densities allow for the proliferation and survival of a larger subset of undifferentiated cells. Although our data indicate that the PI assay can be used to accurately seed hESCs at different densities and highlight the importance of determining appropriate seeding densities for hESC culture, it should be noted that undifferentiated cell growth is dependent not only on cell numbers/well but also clump size (9) and that this varies between different culture systems and harvesting techniques. The counting method described here performs equally well on hESCs with various clump sizes (unpublished data) and thus will allow hESC culture optimization provided the clump size within a specific culture protocol is kept consistent.
To illustrate the power of the hESC enumeration assay described in this paper in high-throughput multifactorial analyses, we next seeded hESC at identical densities, based on our PI assay (verified with manual cell counting) on Geltrex-or ECM-coated wells and determined cell numbers after 10 days using the PI assay. Figure 3B shows that there was very little interwell variation in hESC cell numbers and that the PI assay was able to successfully differentiate between wells of different cell densities with high accuracy (P < 0.05, Student's two-tailed t-test). Finally, to further demonstrate the power of the assay in an end point analysis, growth curves for MEL2 grown on Geltrex in StemPro were determined using three independent cell number determinants: manual hemocytometer counts, an Incucyte cell imager (Essen Instruments) and the PI assay. Figure 3C shows a comparative growth curve of the PI assay and the manual cell counts. The Incucyte growth curve data was not directly comparable to the other two methods as it is based on confluence rather than overall cell number. However, it was possible to directly compare population doubling times (PDT) determined by all three methods ( Figure 3C ). Although the PDT calculated using the automated cell imager was closer to the PDT determined using the hemocytometer cell counting method, there are a number of concerns using this type of automated analysis in hESC cultures. First, the errors are significantly greater than either the manual or PI cell counting methods (±4.21 h compared with ±1.04 and ±1.57 h, respectively). Second, the PDT is determined using percent confluency and not overall cell numbers, which, in heterogeneous hESC cultures that differentiate into cells with dramatically different surface area, can introduce further errors or overestimated PDTs. These and other automated systems (11) are limited by their ability to perform confluency measurements only on a two-dimensional (surface when it is well established that hESCs often grow in three-dimensional colonies. Thirdly, our method is cheap and does not require advanced instrumentation when compared with automated imaging systems.
Our data indicate that the assay performs well when compared with manual counting and has the added advantage of removing operator-mediated counting errors and judgment calls when scoring cell numbers with a hemocytometer. The assay requires access to a standard fluorescence plate reader and can in principle be adapted to the use of other DNA-binding fluorophores such as picogreen or Cy-5. We calculate that when using this assay it is possible to accurately enumerate the cell number of up to 96 hESC clump suspensions in 45 min (15 min pipetting + 30 min read) while the same outcome using a manual counting method would require over 8 h (dissociation 3 min, hemocytometer counting 2 min = 5 min; 5 min × 96 suspensions = 480 min = >8 h. In each case, the time taken for harvesting the cells from the plates was not considered. Adoption of this cost-effective and rapid technique will allow for high-throughput screening of hESC numbers for relative end point analysis of cell proliferation, growth curves, and consistent seeding of cells.
